Abstract. Vero cells were inoculated with the six species of Brucella (B. abortus, B. melitensis, B. suis, B. neotomae, B. canis, and B. ovis) and examined by fluorescence and electron microscopy. All Brucella spp. were internalized by Vero cells. In all cells except those inoculated with B. canis, the numbers of intracellular brucellae increased with time after inoculation. Intracellular brucellae were first seen within phagosomes and phagolysosomes. Subsequent localization within cisternae of the rough endoplasmic reticulum was seen with all species of Brucella, except B. canis, which was restricted to phagolysosomes. Although rough brucellae were more adherent and entered a greater number of Vero cells, intracellular replication occurred in a larger percentage of cells with smooth rather than with rough brucellae. These results suggest that phagocytosed Brucella spp. are transferred 1) to cisternae of the rough endoplasmic reticulum, where unrestricted bacterial replication takes place; or 2) to phagolysosomes in which Brucella spp. fail to replicate. The various strains of Brucella spp. differ in their ability to induce their own transfer to the rough endoplasmic reticulum. Brucellae produce chronic infections with persistent grown On potato infusion agar slants for 48 hours at 37 c.
B. canis in dogs,4 and B. neotomae in the desert wood rat,36 and of numerous variants, such as B. suis the rate limiting step in B. abortus infection of Vero cells and that brucellae that fail to enter the RER are destroyed or eliminated.9 In this morphologic study, we describe the penetration and intracellular localization of Brucella spp. in Vero cells. Our goals were to determine 1) whether localization within RER is a characteristic of other species of Brucella, 2) how brucellae enter Vero cells, 3) how brucellae are transferred to the RER, and 4) the fate of internalized brucellae that fail to replicate within Vero cells.
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monolayers for 20 minutes at 550 x g. After 8 hours incubation at 37 C in a humidified incubator with an atmosphere of 5% CO,, the coverslips were washed in phosphate buffered saline (PBS) and further incubated in fresh minimum essential medium supplemented with 0.25% fetal calf serum and 50 pg/ml gentamycin (Gentocin-Stering Corporation, Kenilworth, NJ), to kill extracellular bacteria. Medium was replaced at 24 hours. Four coverslips were sampled at 4, 8, 16, 24, 36 , and 48 hours after inoculation; the 4 hour and 8 hour coverslips were incubated in the presence of gentamycin for 1 hour before further processing. Two coverslips were washed in PBS and incubated for 10 to 15 minutes in 2 ml of a 0.1% solution of deoxycholate in distilled water to disrupt host cells. Samples of the Vero cell lysate were plated on tryptose agar containing 5% bovine serum. Brucella colonies were identified by colonial morphology and growth characteristics. The remaining coverslips were stained9 by indirect immunofluorescence using, as primary antibodies, a rabbit anti-B. abortus 23083 antiserum (smooth brucellae) or a rabbit anti-B. canis antiserum (rough brucellae), and as secondary antibody, a goat anti-rabbit FITC-conjugated antiserum (National Veterinary Services Laboratory, Ames, IA). To discriminate between extra-and intracellular bacteria, on coverslips sampled at 4, 8, 16, and 24 hours after inoculation, the primary antibody was applied for 30 minutes at 4 C before methanol-acetone f i~a t i o n .~ After immunolabeling, all coverslips were treated for 5 minutes with a 25 pg/ml solution of Propidium iodide (Sigma Chemical Co., St. Louis, MO) to stain DNA and were then examined by epifluorescence microscopy (blue filter, excitation at 490 nm and emission at 5 15 nm).
With this double fluorescence labeling technique, brucellae have an intense green-yellow fluorescence, while nuclei of eukaryotic cells fluoresce red (Figs. 1-4) . When the primary antibody is applied before fixation, yellow-green fluorescence is restricted to extracellular organisms, while intracellular bacteria stain red (Figs. 1-4) .
The percentage of Vero cells containing 0, 1, 2, 3 to 5 , 6 to 10, and more than 10 intracellular bacteria was estimated by examining, at a magnification of 1,000 x , a total of 200 cells on each of the two coverslips sampled at 4, 8, 16, and 24 hours after inoculation. In addition, for each of the two coverslips sampled 48 hours after inoculation, the number of cells per mm2 was estimated, at a total magnification of 400 x , by counting cell nuclei in five fields located along a diagonal across the coverslip (1 5 to 25 cell nucleilfield). The surface of the area was defined by a reticle in one eyepiece of the microscope. The number of infected cells per mm2 was then estimated, at a total magnification of lOOx, by counting the number of infected cells in 25 systematically selected fields, arranged in five rows and five columns (one to 20 infected cells/field). Results were expressed as percentage of infected cells.
For ultrastructural studies, Vero cells, grown on microporous membranes in 12-mm Millicell-HA inserts (Millipore, Bedford, MA), were exposed to 0.8 ml of the various suspensions of Brucella, as described above for coverslips.
Sterile minimum essential medium-inoculated inserts were controls. Two inserts were sampled at 8, 24, and 48 hours after inoculation, washed in cold PBS, and fixed for 1 hour by immersion in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 4 C. Following fixation, microporous membranes were removed from inserts and stored in 0.1 M sodium cacodylate buffer at 4 C. Four 2 mm2 pieces (sampled from the center of each membrane) were post-fixed in 1% osmium tetroxide, dehydrated in alcohols, cleared in propylene oxide, and embedded in epoxy resin. Embedding was done in rectangular rubber molds with the membranes being oriented so that sections would be cut perpendicularly to the Vero cell monolayers. Sections cut at 1 pm and stained (Fig. Ib, c) or B. suis (Fig. 2b, c) . with toluidine blue were examined by light microscopy. One piece of membrane, which demonstrated an intact Vero cell layer and adherent or intracellular bacteria, was selected. Ultrathin sections were cut at 70 to 90 nm, stained with uranyl acetate and lead citrate, and examined with a Philips 4 10 transmission electron microscope.
Brucellae were labeled on ultrathin sections of resinembedded Vero cell monolayers mounted on nickel grids using a post-embedding indirect immunogold labeling procedure. Primary antibodies were as described above for double fluorescence staining. The immunogold probe was a goat anti-rabbit antiserum coupled to 20 nm colloidal gold (AuroprobeOEM; Janssen Life Science Products, Olen, Belgium). Tris-buffered saline (pH 8.0) containing 0.05% triton-)(-100, 0.5 M NaCl and 1% bovine serum albumin was used for diluting and washing solutions. Following etching for 10 minutes in 10% H,O,, sections were rinsed in ultra-distilled water and exposed for 10 minutes to 1% bovine serum albumin (BSA) to block nonspecific reactions. Excess BSA was blotted from sections and specimens were incubated for 2 hours with a 1/500 dilution of the primary antibody. After a 15 minute rinse in tris-buffered saline, sections were incubated for 2 hours with a 1/100 dilution of the immunogold probe. Sections were washed for 15 minutes in ultra-distilled water and stained with uranyl acetate and lead citrate.
Results
Pure cultures of Brucella were isolated from all inoculated Vero cell monolayers. The numbers of intracellular organisms increased markedly (from 100 to 1,000 times) over the 48 hour period, except for B. ovis whose numbers remained constant and B. canis whose numbers decreased slightly (data not shown). (Figs. 1-3) . Depending on the strain of Brucella, 4 hours after inoculation, 25 to 40% of Vero cells contained one or more bacteria, and at the end of the inoculation period (8 hours after inoculation) 40 to 50% of Vero cells had intracellular brucellae (Figs. 5 , 6 ). With all strains of Brucella, the number of cells containing at least one organism did not increase after 8 hours (Figs.  5 , 6 ), except for a small proportion of these cells in which the number of intracellular bacteria increased sharply between 24 and 48 hours (Figs. 1-3) . At 36 hours post-inoculation, the cytoplasm of Vero cells infected with B. suis biovar 1 was filled with organisms ( Fig. 2b) . Similar brucellae-filled Vero cells were observed at 48 hours post-inoculation with B. abortus 23083, B. suis biovar 4, and B. neotomae (Fig. lc) . In contrast, at both 36 and 48 hours post-inoculation, Vero cells infected with B. melitensis contained less bacteria than those infected with other brucellae (Fig.  3b, c) . At 48 hours post-inoculation, the percentage of brucellae-filled Vero cells varied from 1 to 9%; remaining Vero cells were either free of organisms or contained scattered clumps of intracytoplasmic Bru- Vero cells (Fig. 6 ). Intracellular rough brucellae were frequently in clumps of five or more bacteria. At 36 and 48 hours post-inoculation, less than 0.5% of Vero cells had their cytoplasm filled with B. abortus 45/20 and B. ovis. Similarly infected Vero cells were not seen with B. canis.
Electron microscopic findings
Intracellular brucellae were seen with all species of Brucella at all sampling times. Immunogold labeling of smooth brucellae was achieved using as primary antibody either anti-B. abortus 2308s (smooth) or anti-B. canis (rough) antisera. Attempts to label rough brucellae on thin sections were unsuccessful.
At the end of the inoculation period (8 hours after inoculation), brucellae were seen in contact with Vero cell membranes, in different stages of engulfment by Vero cells, and intracellularly (Figs. 7-9 ). Adherent organisms were more frequent with rough brucellae. row). Bar = 0.5 pm.
Most adherent brucellae were on the Vero cell surfaces facing the insert's microporous membrane (Fig. 7) . Brucellae attached to the luminal surface of Vero cells were only seen with rough strains (Fig. 8) . Several Vero cells had cytoplasmic processes that partially surrounded individual brucellae (Fig. 7) ; cytoplasmic membranes directly adjacent to brucellae were frequently thicker and occasionally formed coated-pits (Figs. 7, 8 ). Intracellular brucellae were within phagosomes, most of which contained only one morphologically intact bacterium (Fig. 9) . Some brucellae, however, especially with rough strains, were within phagolysosomes. These contained one to 15 intact organisms as well as electron dense material, membrane debris, and myelin figures. Autophagic vacuoles and multivesicular bodies were frequent within Vero cells of infected monolayers, especially in cells containing intracellular brucellae. These structures were rare in control monolayers.
At 24 hours post-inoculation, phagosomes and phagolysosomes containing morphologically intact brucellae were seen with all species of Brucellu (Fig.   10 ). Isolated organisms within ribosome-lined cisternae were in Vero cells inoculated with B. abortus 2308S, B. suis biovars 1 and 4 and with B. neotomue. Brucellae attached to Vero cells luminal or basal surfaces were only observed with rough strains of Brucellu (Fig. 10) .
Intra-phagosomal and phagolysosomal smooth brucellae were frequently surrounded by concentric membranous structures similar to myelin figures (Figs. 10,  1 1) ; in immunogold labeled samples, these structures were lined by gold particles (Fig. 11) .
At 48 hours post-inoculation, both smooth and rough brucellae (except B. canis) were within cisternae of the rough endoplasmic reticulum (Figs. 12-1 4) . The membranes of brucellae-filled cisternae were discontinuously lined by ribosomes and were continuous with membranes of normal-appearing rough endoplasmic reticulum (Figs. 13-16 ). In the most heavily infected cells, brucellae were also in perinuclear spaces (Fig.  12) . Evidence of cellular degeneration (cell swelling and vacuolation) was minimal, although some heavily infected cells were necrotic with increased cytoplasmic electron-density and loss of structural detail. Clusters of two to ten brucellae were also found within phagolysosomes, especially with B. cunis and other rough brucellae (Fig. 15) . While most smooth brucellae were morphologically intact, half the rough organisms appeared degraded (Figs. 15, 16 ). Myelin figures were frequent in association with intact and degraded brucellae in phagolysosomes (Fig. 16) . Membrane-bound brucellae within mitotic cells were seen with B. abortus 2308S, B. suis biovar 1, B. neotomue, and B. ovis (Fig.   16 ).
Discussion
This comparative study indicates that all species of Brucellu attach to the surface of Vero cells and are internalized by phagocytosis. We believe that Brucellucontaining phagosomes can follow one of two routes: 1) they can fuse with cisternae of the rough endoplasmic reticulum (RER), transferring organisms to the lumen of this organelle, where unrestricted bacterial replication occurs, or 2) they can fuse with lysosomes forming phagolysosomes in which brucellae fail to replicate and are eventually destroyed (Fig. 17) .
Brucellu spp. clearly replicated within cisternae of the RER but not within phagolysosomes, i.e., heavily infected Vero cells had massive numbers of Brucellu within the RER without corresponding numbers in phagolysosomes. Localization within RER may provide a favorable environment that enhances Brucella growth. On primary isolation, most Brucellu strains are fastidious organisms requiring complex media containing several amino acids.7 Although brucellae do not require active protein synthesis by the host cell for intracellular replication,'O within the RER they may catabolize nascent polypeptides and incorporate liberated amino acids into bacterial proteins. Findings from this study confirm our suggestions that transfer to the RER, not internalization, is the limiting step for replication of Brucella spp. in Vero cells. Also, differences in infectivity for Vero cells between the various species of Brucella seem to correlate with differences in their ability to enter the RER. Intracisternal B. suis biovar 4 and B. abortus 2308S, which infected the largest percentage of Vero cells, were predominantly within cisternae of the RER. In contrast, intracellular B. canis, which failed to replicate in Vero cells, were within phagolysosomes.
As reported for Brucella-infected trophoblasts in vivo, I t z 2 Brucella spp. were not highly cytopathic for Vero cells, i.e., evidences of Vero cell degeneration were minimal even in heavily infected cells. The presence of numerous brucellae within mitotic Vero cells is additional evidence that intracellular Brucella interfere minimally with Vero cell metabolism. Brucellae are likely released when infected Vero cells disintegrate because of excessive intracellular bacterial replication. In contrast, intracellular pathogens like Listeria monocytogene~~~ and Shigella dysenteriae 1 l 6 cause rapid cytolysis of infected host cells. In contrast to L. monocytogenes, z7 the lack of cytopathogenicity of Brucella may be responsible for the delayed onset of abortion following experimental inoculation of pregnant ruminants with Brucella spp. 1,28- 30 Bacteria-induced receptor-mediated vesicular transport is probably involved in Brucella spp. transfer to the RER. Because Brucella resides within the RER of different cell type^,^,^,^*^^ we believe that this process is bacterium-induced. Although smooth and rough brucellae differ in lipopolysaccharide ~tructure,~ they possess similar outer membrane most of which are conserved throughout the g e n~s .~J l .~~ Since most Brucella spp., including rough variants, enter the RER, we suggest that the recognition signal is provided by a bacterial protein.
The concentric membranous structures (myelin figures ) that surrounded intra-phagosomal and phagolysosomal brucellae were of bacterial origin, as demonstrated by immunogold labeling. Similar structures have been described in phagocytic and non-phagocytic cells infected with B. abortus.17J9,23 Although some of these structures might be derived from dead brucellae, others may have resulted from de novo membrane synthesis by Brucella. Microorganisms can produce new surface proteins in response to changes in their envir~n r n e n t . '~, '~,~~ Within minutes of entry into macrophages, Toxoplasma gondii secrete a protein rich intraphagosomal membrane network that is believed to interfere with phagosomal microbicidal Marked adhesiveness of B. abortus 45/20, B. ovis, and B. canis for Vero cell surfaces was probably the result of higher hydrophobicity due to the rough characteristics. Cultures of B. ovis and B. canis are always in the rough or mucoid phase, even on primary isolation from infected animal^.^ Adherence to cell surfaces is profoundly affected by electrostatic charge and hydrophobicity of both host-cells and b a~t e r i a . *~,~~,~~ Correlation between bacterial hydrophobicity and the degree to which they associate with cells in culture has been demonstrated for various bacterial pathogen^,^^,^^ including B. abort^.^ Loss of polysaccharide side chains increases the hydrophobicity of rough bacteria; this was reported for S. typhimurium2' and E. coli3' and was recently confirmed for B. a b o r t u~.~ Failure to immuno-label rough brucellae on ultrathin sections probably resulted from the loss of antigenic reactivity during sample processing, perhaps due to the lack of 0 polysaccharide side chains in rough organisms. Immunogold labeling of surfaces of smooth B. abortus in ultrathin sections was observed using polyclonal anti-B. canis antiserum (anti-rough brucellae) as the primary antibody. This indicates that within the wall of smooth brucellae, some of the antigenic determinants recognized by this antiserum are not destroyed.
